The purpose of the present study was to measure the plasma levels of matrix metalloproteinases (MMP)-2 and -9 and their tissue inhibitors (TIMP)-1 and -2, as surrogate biomarkers for pelvic floor tissue integrity in young, healthy multi-ethnic women. This was hoped to elucidate ethnic vulnerability to support-related pelvic floor dysfunctions. The plasma levels of MMP-2 and -9 and TIMP-1 and -2 were measured by sandwich ELISA in nulliparous, young (18-29 years) women volunteers (n=85) from five ethnic groups [n=17/group; Bahrainis, other Arabs, Filipinos, Indians/Pakistanis and Caucasians (Italians)] and compared with levels in Italians as the reference group. It was identified that the levels of plasma MMP-2 were significantly higher in Italians than in Bahrainis (P<0.001) and Filipinos (P<0.001), but significantly lower than in Indians/Pakistanis (P=0.013); whereas, the levels of plasma MMP-9 were significantly higher in Italians than in Bahrainis (P=0.009) and Indians/Pakistanis (P<0.015). The levels of plasma TIMP-2 were significantly lower in Italians than in Indians/Pakistanis (P=0.003), but the levels of plasma TIMP-1 were significantly higher in Italians than in all other groups (P<0.05) excluding Bahrainis. Although MMP-2 correlated negatively with TIMP-2 and MMP-9 correlated positively with TIMP-1, both correlations were not significant (r=0.071, P=0.533 and r=0.197, P=0.8, respectively). In all ethnic groups, MMP-9 level correlated positively with BMI (r=0.26, P=0.02), and TIMP-2 level with age (r=0.23, P=0.045). Overall, the trends for higher levels of MMP-2 and -9 and lower levels of TIMP-2 in the plasma of Caucasian women may indicate a greater tendency for collagenolysis and weaker connective tissue with increased risk of developing pelvic floor dysfunctions, and thus may potentially serve as biomarkers for pelvic floor tissue integrity.
Introduction
Support-related pelvic floor dysfunctions including pelvic organ prolapse (POP), stress urinary incontinence (SUI) and faecal incontinence are caused by structural defects in the complex supportive apparatus formed by the connective tissue and striated muscles of the pelvic floor (1) (2) (3) (4) (5) (6) (7) . The role of the connective tissue component is to counteract both stretch and compression of the pelvic floor exerted by the gravitational and inertial forces of the intra-abdominal pressure and to repair damaged tissues (2, 4, 6) . This supportive function is determined by the tensile strength of collagen in the extracellular matrix that is maintained by continuous remodelling of collagen (1, 3) . The latter depends on a critical balance between collagen degradation and production that is controlled by a group of enzymes, matrix metalloproteinases (MMPs) and their respective tissue inhibitors (TIMPs) (1, 3, 5) . The prevalence of support-related pelvic floor dysfunctions is affected by racial and ethnic origin, with a higher risk observed in Caucasians than in other populations (8) (9) (10) . This may be explained by genetic, environmental and/or anatomical differences (8) (9) (10) . Ethnic variation in the integrity of the pelvic floor connective tissue may be the possible genetic mechanism (10) . This factor has been traditionally assessed by measuring the tissue levels of MMPs, particularly types 2 and 9, and their TIMPs, particularly types 1 and 2, in the fascial components of the pelvic floor (1) (2) (3) (4) (5) (6) . However, to the best of our knowledge, circulating MMP and TIMP levels as surrogate biomarkers of pelvic floor tissue have not been previously measured in women with POP or correlated with tissue levels.
Computational modelling with finite element analysis has recently improved understanding of the failure mechanisms of pelvic organ support under different loading conditions of the pelvis (11) . Mechanical testing of pelvic floor supportive function is typically based on healthy young women before they develop pelvic floor dysfunction with irreversible stretching and deformation of supportive structures (5, 11) . Studying the biomechanical relationship of pelvic floor support defects should thus be more reliable when examining the normal pelvic floor of asymptomatic women (10) . The present study was conducted to test the hypothesis that there are ethnic differences in the circulating levels of MMP-2 and -9 and of TIMP-1 and -2 in asymptomatic Caucasian and non-Caucasian women, which may indicate variation in pelvic floor connective tissue remodelling. This variation may influence the potential risk of developing pelvic floor dysfunction.
Materials and methods
Study design and subject groups. The current study was a twocentre, cross-sectional study of 85 healthy female volunteers at the University Medical Centre of the College of Medicine and Medical Sciences Arabian Gulf University, Bahrain and the San Raffaele Hospital, Milan, Italy. The Bahrain centre provides tertiary ambulatory gynaecological care for a multi-ethnic population (primarily comprised of Arabs, Indians, Pakistanis and Filipinos). The Italian centre provides tertiary gynaecologic services to the Milan metropolitan area. The study protocol was approved by the Research Ethics Committees of both institutions.
In Bahrain, non-Caucasian subjects were recruited between February, 2016 and October, 2016 through advertisement within the University Centre's patient community. Each of the 5 study groups consisted of 17 nulliparous women aged 18-29 years selected from each of the three most prominent ethnic groups (Arabs, Filipinos, Indians/Pakistanis) living in Bahrain as well as Bahraini women. An Italian cohort (n=17) served as proxy for Caucasians and was recruited in October and November, 2016 from San Rafael Hospital at patient meeting forums. Ethnicity was assigned by country of birth.
The sample size was calculated as the minimum number of subjects in each group with sufficient statistical power (two-sided significance at 0.05 with a power of 80%) to detect a 20% difference between the mean circulating MMP levels of groups [for instance 23.2 ng/ml plasma MMP-2 assuming that the mean ± standard deviation (SD) =116±26 ng/ml] based on the results of a previous study (12) .
The inherent effect of age and lifestyle variables including diurnal variation and exercise on the MMP assay performance were considered by including only younger women (≤29 years of age) and obtaining blood samples in the morning prior to excessive physical activity. Older (>29 years of age) and parous women were excluded to avoid the confounding effect of age and vaginal delivery, respectively, on pelvic floor integrity (5, 7, 10) . Subjects who agreed to participate gave written informed consent and were screened for the presence of support-related pelvic floor issues using the validated short form of the Pelvic Floor Distress Inventory (PFDI-20) (13) . Women who scored >0 on PFDI-20 were excluded. Women with a history of renal, gastro-intestinal and/or neurological diseases, diabetes mellitus, hypertension and surgical operations on the pelvis, and those who were currently taking diuretics or anti-cholinergic medications were also excluded. Socio-demographic and lifestyle variables as well as information about medical disorders suggestive of weakness of connective tissue support (joint hyper-mobility, varicose veins, piles and previous hernia repair) were obtained. Inquiry about chronic constipation (fewer than three bowel movements per week for at least three months) was also added since this may be a risk factor for pelvic floor weakness (10) . Enrolled women were not evaluated by pelvic examination as the majority of the Bahraini and Arab subjects were celibate. The Indian/Pakistani group were reimbursed 10 Bahraini dinars (1 dinar ≈ 2.25 euros) for their time commitment to participate as healthy volunteers. Participants were interviewed and completed the self-reported PFDI-20 questionnaire during the hospital visit before obtaining the blood samples.
Blood sampling. Peripheral blood samples to assess the circulating levels of plasma MMP and TIMP were collected by phlebotomy between 8-11 a.m. from participants into EDTA tubes, mixed and placed on ice. The plasma was separated from the blood cells by centrifugation at 4˚C at 2,000 x g for 30 min and the samples were kept frozen at -80˚C. Italian samples were similarly processed and transported frozen in liquid nitrogen at -80˚C to the central laboratory facility in Bahrain.
Sandwich ELISA. Total plasma MMP-2, MMP-9, TIMP-1 and TIMP-2 concentrations were measured by sandwich ELISA using commercially available human ELISA kits (catalogue nos. KHC3081, KHC3061, KHC1491 and KHC3081, respectively; Thermo Fisher Scientific, Inc., Waltham, MA, USA). In each assay, the proactive and active forms of both MMP-2 and -9 were processed according to the manufacturer's instructions, as previously described (14, 15) . Prior to analysis, the samples were thawed briefly in a 37˚C water bath and placed on ice. Plasma samples were then diluted with kit buffer (1:10) to allow measurement against a standard curve for MMP-9, TIMP-1 and TIMP-2 as per the kit instructions, and the results were averaged as the mean ± SD. Measurements were carried out in duplicate.
Plasma TIMP-1 and -2 levels were measured using the same technique but TIMP-1 and TIMP-2 were detected only in the active forms. Efforts were made to limit the effects of environmental conditions and storage processes on inter-assay variation and to standardize the conditions of laboratory measurement including quality control of pre-test samples (16) . The analytic sensitivity of human MMP-2 and human MMP-9 was <0.15 ng/ml and <10 pg/ml, respectively, and the intraand inter-assay coefficients of variation were 5.6 and 3.3% for MMP-2 and 4.02 and 7.54% for MMP-9, respectively. The analytic sensitivity of human TIMP-1 and human TIMP-2 was <1 ng/ml and <2 pg/ml, respectively, and the intra-and interassay coefficients of variation were 5.6 and 4% for TIMP-1 and <10 and <12% for TIMP-2, respectively.
Statistical analysis. Data were analysed using SPSS 25.0 software (IBM Corporation, Armonk, NY, USA). Qualitative and quantitative data regarding patients' sociodemographic and clinical characteristics were expressed as number (percentage) and the mean ± standard deviation (SD), respectively, while the quantitative results of plasma MPP and TIPP measurements were expressed as the mean ± SD and plotted graphically as box plots indicating the median, interquartile range and range. Outliers and extreme values were indicated as follows: An observation x was designated an outlier if x<Q1-1.5(IQR) or x>Q3+1.5(IQR); an observation x was designated an extreme value if: x<Q1-3(IQR) or x>Q3+3(IQR), where Q1=first quartile, Q3=third quartile and IQR=inter quartile range.
All differences were compared using Italians/Caucasians as the reference group by the Mann-Whitney U test, since the sample sizes were relatively small. Correlation between plasma MMP-2 and -9 and TIMP-1 and -2 levels was assessed using Pearson's correlation coefficient analysis. P<0.05 was considered to indicate statistical significance.
Results
Patient characteristics. A total of 85 healthy and nulliparous women (age range, 18-29 years; mean age, 24.1±3.4 years) from five ethnic groups participated in the present study (n=17/group). All subjects had neither current complaints nor a previous history of pelvic floor weakness, pelvic floor surgery or any known predisposing factor for pelvic floor dysfunction apart from chronic constipation in 12 (14.1%) women. A total of 48 (56.5%) participants were single while the remaining were married and/or sexually active.
Group characteristics. Participants were comparable regarding the various socio-demographic and medical characteristics (Tables I and II) . Compared with the other groups, more Indian/Pakistani subjects were housewives and without university education. The overall prevalence of smoking and diseases suggestive of connective tissue weakness was low in all groups although both factors were more frequent in Italians. Associated gynaecological symptoms, particularly sexual dysfunction and chronic constipation, were also more common in this group (Table II) . Presence of pelvic floor dysfunction in a first degree relative was reported by 7 (8.2%) women (3 Bahrainis, 2 Italians, 1 Arab and 1 Filipino). Italians were taller and had higher BMI than other groups, and the differences were significant (P<0.001; data not shown).
Plasma MMP and TIMP levels. ELISA assays of all plasma samples were considered technically adequate following duplicate analyses. Plasma levels for all markers were reported in ng/ml except for TIMP-2 (pg/ml) because of lower assay sensitivity. There were statistically significant differences in all circulating marker measurements between Caucasians (Italians) and non-Caucasians (other groups) as depicted in Table III . Caucasians exhibited the highest levels of plasma MMP-9 and TIMP-1 compared with all other groups. Compared with in the Caucasians, the levels of plasma MMP-9 were significantly lower in the Indians/Pakistanis (P=0.015) and Bahrainis (P=0.009) but not in the other groups. MMP-2 plasma levels were similarly lower in all groups compared with in the Caucasians except in the Indian/Pakistani group, where they were higher (P=0.013). The extent of decrease was significant in the Bahrainis and Filipinos (P<0.001) but not in the Arab group. TIMP-1 plasma levels were significantly higher in the Caucasians compared with in the other groups except in the Bahrainis, for whom the difference was not significant (P= 0.352). The greatest difference was observed in the Filipinos (P<0.001). Meanwhile, plasma TIMP-2 levels were higher in the Caucasians compared with in the Bahrainis and other Arabs, albeit to a non-significant extent (P=0.113 and P=0.767, respectively). Plasma levels of TIMP-2 in the Caucasians were lower than in the Filipino and Indian/Pakistani groups, but the difference was only significant in the latter group (P=0.003). The distribution of plasma levels of MMP-2 and -9 and TIMP-1 and -2 in all groups is further illustrated in Figs. 1 and 2 .
Correlation analyses indicated a negative correlation between plasma levels of MMP-2 and TIMP-2, and a positive correlation between plasma levels of MMP-9 and TIMP-1 in all groups. However, the correlations were not significant (r=0.071, P=0.533 and r=0.197, P=0.8, respectively). Furthermore, in all ethnic groups, MMP-9 plasma levels were significantly and positively correlated with BMI (r=0.26, P=0.02), and TIMP-2 plasma levels were significantly and positively correlated with age (r=0.23, P=0.045). There were no significant differences in the circulating levels of these markers in women with (n=12) and without (n=73) chronic constipation (data not shown).
Discussion
To the best of our knowledge, the present study is the first to investigate circulating MMP and TIMP as surrogate biomarkers of pelvic floor connective tissue integrity in a multi-ethnic group of young, nulliparous healthy women, in order to elucidate ethnic differences in the risk of developing pelvic floor dysfunctions. The results generally indicated that Caucasian women represented by the Italian cohort had higher plasma MMP-9 and MMP-2 but lower TIMP-1 levels than non-Caucasian women. This suggests that the critical balance between collagen formation and breakdown in the connective tissue, including that of the pelvic floor, is shifted in the latter direction in Caucasian women with a consequent decrease in connective tissue integrity and supportive function. This factor may explain the vulnerability of Caucasian women to develop pelvic floor dysfunctions.
Significant differences were observed in all markers between the five ethnic groups unlike a previous cardiology study of healthy male and female volunteers from four ethnic groups, where only MMP-9 levels were significantly different between groups (12) . In addition, the results of this study revealed that plasma MMP-2 and -9 and TIMP-1 and -2 were not associated with anthropometric measurements including height or weight (12) , and therefore this factor may not be responsible for the observed ethnic differences. The positive correlations between each of plasma MMP-9 and TIMP-1 levels and MMP-2 and TIMP-2 levels observed in the cardiologic study were either not significant or negative, respectively, in the present study subjects. Furthermore, the significant correlation observed in the cardiology study between age and plasma MMP-9 levels or with plasma TIMP-1 and -2 levels was only observed for plasma TIMP-2 levels in the current study. The present Filipino group exhibited the lowest plasma MMP-2 levels as opposed to MMP-9 levels in the cardiologic study. Although these differences in marker levels may result from inherent variations in laboratory analysis, including in specimen type (plasma or serum), sample processing (EDTA, citrate or heparin), storage time (rapid or prolonged) and freezing technique, differences in study populations may also be responsible (12, 14, 17) . Subjects were older and included both genders and an additional Afro-Caribbean ethnic subgroup in the cardiology study as opposed to women only and a different Middle-Eastern subgroup in the present cohort. Significant differences in circulating MMP-9 levels have been previously reported between smokers and non-smokers (18) , confirming an impact of smoking that was not confirmed in the present study. Finally, there is some overlap between normal and abnormal circulating measurements of MMP and TIMP in healthy volunteers (12, 17) . However, the measurement of plasma levels of MMP and TIMP performed in the current study appears more reliable than measurement techniques of serum levels in previous reports (14, 19) , as it was less likely to be affected by measurement and storage conditions. In fact, plasma levels of MMP and TIMP in the current female population were within the range of previously observed plasma levels (10-80 ng/ml) in healthy volunteers from similar ethnic groups (12) . Pelvic floor dysfunctions reportedly occur with a higher prevalence in Caucasian than in non-Caucasian women (8) (9) (10) . This may result from differences in the frequency of reporting of symptoms as well as diagnosis, parity, BMI, lifestyle including diet, occupation, smoking and athletic exercise, position at delivery, micturition or defecation, socio-economic status and life expectancy (10) . It may also be due to considerable genetic and ethnic variation in collagen metabolism of the pelvic floor connective tissue determined by the balance between MMP and TIMP activity (1-7). A relative increase in MMP/TIMP ratio may increase collagen turnover and decrease integrity, which could be responsible for the observed Caucasian vulnerability to support-related female pelvic floor dysfunctions. Although this assumption is theoretically plausible, clinical measurements of MMP and TIMP in women with pelvic floor dysfunctions has produced conflicting results. When evaluated independent of smoking status, serum MMP-9 levels in women with POP were similar to those of women without POP, suggesting that it was a poor measure for understanding the pathophysiology of the disorder (18) . Furthermore, there was no significant difference between plasma levels of markers of collagen synthesis such as pro-collagen type 1-N pro-peptide, MMP-9 and vitamin C in patients with POP and/or SUI and controls. In another study, urinary collagenase assay of factors including MMP-1, -2 and -9 was the optimum pre-operative predictor of mid-urethral sling outcome in women with SUI, and revealed negative correlation with urethral closure pressure (20, 21) . Recent genotypic studies have identified molecular markers of dysfunction of the supportive pelvic floor connective tissue, with genetic polymorphism of MMP-1 and -9 identified in women with POP compared with controls (22, 23) . Studying the genetic markers of ethnic risk for pelvic floor dysfunctions including MMP polymorphism in a population of healthy and nulliparous multi-ethnic women could similarly contribute to early detection and prevention of these disorders (22, 23) . Identification of at-risk women with increased plasma MMP/TIMP ratio may be supported by further genetic evidence of polymorphism, using a simple blood test at a young age prior to first pregnancy. Referral of this subgroup for supervised interventions such as pelvic floor muscle training may minimize the consequences of pelvic floor trauma at childbirth. This work is now in progress by our group.
Limitations of the current study include selection bias since subject recruitment was not consecutive. In addition, determination of ethnicity is ambiguous since it is not dichotomous, has no scientific definition, is not synonymous with nationality and may be a cultural identification rather than a genetic indicator of biological difference (10) . Furthermore, the study did not control for smoking, alcohol use, menstrual cycle phase or diet, each of which could affect circulating MMP and TIMP levels. It is also possible that plasma levels of MMP and TIMP are distinct and may not necessarily correlate with those in the pelvic floor soft tissues which was not assessed presently; such is a common problem for many tissue-based enzyme activities routinely detected in plasma (4, 5, 18) . Determining an association with pelvic floor connective tissue concentrations would require a biopsy, which on ethical grounds is not permissible in healthy volunteers.
Research on collagen metabolism in the pelvic floor in healthy women has been hampered by the limited availability of tissues for analysis, due to the difficulty of sampling and possibility of removing supportive tissues that could precipitate pelvic floor dysfunctions. Measurement of collagen biomarkers in the blood and/or urine is therefore a logical alternative. This preliminary study indicated differences in plasma levels of MMP-1 and -9 and TIMP-1 and -2 between Caucasian and non-Caucasian young and nulliparous, healthy women with an apparently elevated MMP-9/TIMP-1 ratio in the former group. This suggests that collagen turnover in the connective tissue is higher in Caucasians with subsequent decrease in integrity and supportive function that could include the pelvic floor fascia. In this respect, plasma levels of MMP-1 and -9 and TIMP-2 may serve as potential biomarkers for predicting the development of pelvic floor dysfunctions in Caucasian women. Further studies in larger samples are now required to confirm these results. Additionally, studies of other existing markers for ethnic pelvic floor tissue integrity and their correlations with MMP-2 and -9 and TIMP-2 are required.
